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Abstract

:

Silver powder, as the primary component of solar silver paste, significantly influences various aspects of the paste’s performance, including printing, sintering, and conductivity. This study reveals that, beyond the shape and size of the silver powders, their microstructure is a critical factor influencing the performance of both silver powders and silver pastes in solar cell applications. The growth process leads to the formation of either polycrystalline aggregated silver powder or crystal growth silver powder. Analyzing the performance characteristics of these different microstructures provides guidance for selecting silver powders for silver pastes at different sintering temperatures. Polycrystalline aggregated silver powder exhibits higher sintering activity, with a sintering initiation temperature around 450 °C. The resulting silver paste, sintered at 750 °C, demonstrates a low sheet resistance of 2.92 mΩ/sq and high adhesion of 2.13 N. This silver powder is suitable for formulating silver pastes with lower sintering temperatures. The solar cell electrode grid lines have a high aspect ratio of 0.37, showing poor uniformity. However, due to the high sintering activity of the silver powder, the glass layer dissolves and deposits more silver, resulting in excellent conductivity, a low contact resistance of the silver electrode, a low series resistance of the solar cell of 1.23 mΩ, and a high photoelectric conversion efficiency of 23.16%. Crystal growth silver powder exhibits the highest tap density of 5.52 g/cm3. The corresponding silver paste shows improved densification upon sintering, especially at 840 °C, yielding a sheet resistance of 2.56 mΩ/sq and adhesion of 3.05 N. This silver powder is suitable for formulating silver pastes with higher sintering temperatures. The solar cell electrode grid lines are uniform with the highest aspect ratio of 0.40, resulting in a smaller shading area, a high fill factor of 81.59%, and a slightly higher photoelectric conversion efficiency of 23.17% compared to the polycrystalline aggregated silver powder.
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1. Introduction


Photovoltaic power generation, as a method to harness abundant, clean, and reliable renewable energy, has seen rapid development against the backdrop of increasing global energy demand [1,2]. In 2022, the global photovoltaic installed capacity reached 230 GW, marking a substantial year-on-year growth of 35.3%. Within this landscape, crystalline silicon solar cells hold a dominant share, exceeding 90%, owing to their advantages such as low cost per unit of electricity, mature production processes, and extended lifespan [3,4,5,6,7,8,9,10,11]. The silver paste, especially the front-side silver paste, plays a pivotal role as a key material for fabricating electrodes in crystalline silicon solar cells. Its performance directly influences various aspects of solar cells, including series resistance (Rs), short-circuit current (Isc), fill factor (FF), and photoelectric conversion efficiency (Eta) [12,13,14,15,16,17]. Typically, front-side silver paste comprises organic carriers, glass powder, and silver powder. The organic carrier primarily modulates the rheological properties of the silver paste to meet the dimensional and integrity requirements of fine grid lines for screen printing [18,19,20,21,22,23,24]. The glass powder serves to etch the SiNx antireflection layer and establish a favorable interface contact with the cell emitter [25,26,27,28,29,30,31,32,33,34]. Silver powder, constituting over 85% of the mass of solar silver paste, is the conductive phase and major component. The morphology, size, and sintering performance of silver powder directly impact the particle stacking before sintering, the formation and densification of the silver electrode conductive path during sintering, and the post-sintering properties of the electrode grid lines, including the appearance, internal structure, resistivity, and contact resistance [35,36,37,38,39,40]. These aspects make silver powder a crucial factor in the study of the sintering process of solar silver paste.



The emitter of a solar cell employs high concentrations of ion doping to enhance photoelectric conversion efficiency. To mitigate the impact of high-temperature sintering on solar cell performance, the metallization sintering process for solar silver paste necessitates the use of as low a sintering temperature and as short a sintering time as possible. Typically, a belt furnace is employed for sintering, with the peak temperature ranging between 750 and 850 °C, which is below the melting point of metallic silver. The peak sintering time is measured in seconds [41,42]. During the sintering of the front-side solar silver paste, two main processes occur. Firstly, the silver particles undergo mutual sintering, forming conductive paths and densification [43,44,45]. Secondly, the glass powder softens, melts, and flows onto the silicon layer, establishing the interface connection between the silver electrode and the silicon solar cell [46,47,48,49]. The former process determines the resistivity of the silver electrode post-sintering, requiring the close packing of silver particles and high sintering activity. The latter process influences the adhesion and contact resistance of the silver electrode post-sintering, requiring that the sintering densification of the silver particles occurs later than the softening and flow of the glass powder. This prevents the reduction in pores after silver particle sintering, which could lead to glass residue in the silver layer [50,51,52,53,54]. This not only increases the resistivity of the silver electrode but also results in an insufficient glass interlayer at the silver–silicon interface [55,56,57,58,59]. Hence, it is generally considered that silver powder suitable for front-side solar silver paste should possess an average particle size of 1–1.5 μm, a narrow size distribution, and high sphericity.



Current research on silver powder focuses on enhancing the sintering performance of silver paste through different shapes, particle sizes, and combinations of silver powders, the addition of submicron silver powders, and the construction of nanostructures [60,61]. These efforts aim to achieve denser silver electrodes and higher aspect ratios of silver grid lines [62,63,64]. Libin Mo et al. [24], investigated the effects of incorporating 0–10 wt% submicron spherical silver powder (average particle size of 0.3 μm) into a micrometer-sized spherical silver powder (average particle size of 1 μm) on the rheological properties of silver paste, printed grid dimensions, sintering behavior, and the cell’s electrical performance. The results indicated that the addition of submicron silver powder can improve the sintering performance of silver powder, reduce the porosity of the silver electrode surface, lower bulk resistivity, and increase the size of the silver microcrystals precipitated on the silicon surface, thereby reducing contact resistivity. However, the excessive addition of submicron silver powder can adversely affect the printability of the silver paste, leading to a decrease in the aspect ratio of the printed grid lines, an increase in series resistance, and a decrease in photoelectric conversion efficiency. Therefore, the addition of an appropriate amount of submicron silver powder needs to be considered holistically. Yongsheng Li et al. [65] developed microcrystalline spherical silver particles (SP-a) with internal pores. The study demonstrated that SP-a exhibits excellent sintering activity, forming a dense sintered body. At the Ag–Si interface, silver nanoparticles are formed, improving the silver–silicon contact. Photovoltaic cells constructed using SP-a exhibit low series resistance and high photoelectric conversion efficiency (19.26%).



The prior investigations on the performance of silver powders, particularly those describing micrometer-sized spherical silver powders, predominantly focused on their shape and particle size [66,67]. However, a comprehensive exploration of the impact of the silver powder’s crystal structure on performance is lacking, leading to a relatively superficial differentiation of silver powders. With the advancement of solar cell technology and the gradual approach of photovoltaic conversion efficiency in crystalline silicon solar cells to theoretical limits, there is an increasing demand for more nuanced properties in the silver paste. For instance, to mitigate the influence of thermal processing on the doping concentration of the cell emitter during solar cell fabrication, there is a growing need for silver pastes with lower sintering temperatures and shorter sintering times [68]. Moreover, to reduce the shading area of the silver electrode grid lines and enhance the active area for power generation, the grid line printing width was reduced to 15 μm. To ensure the conductivity of these grid lines, it is imperative for the silver paste to exhibit a higher aspect ratio after sintering, while controlling the sintering shrinkage to prevent grid line breakage. This paper delves into the influence of the crystal structure of the silver powder on sintering activity, specific surface area, tap density, the sintering performance of the silver paste, the aspect ratio of the electrode grid lines, and solar cell performance. By elucidating the correlation between silver powder microstructure and performance, this research refines the categorization of silver powders, providing insights for the formulation of silver pastes with more nuanced properties. This work aims to contribute to the development of silver pastes tailored to meet the increasingly detailed requirements of solar cell technologies.




2. Materials and Methods


2.1. Materials


The silver powder used in this study was custom made by Sino-Platinum Metals Co., Ltd. (Kunming, China), featuring the various microstructures of micron-sized spherical silver powder. The glass powder employed was prepared using the melt-quenching method, with raw materials sourced externally without purification processing, comprising TeO2 (≥99%, Aladdin Reagent (Shanghai) Co., Ltd., Shanghai, China), Bi2O3 (≥99.0%, Aladdin Reagent (Shanghai) Co., Ltd., Shanghai, China), B2O3 (≥98%, Aladdin Reagent (Shanghai) Co., Ltd., Shanghai, China), ZnO (≥99%, Aladdin Reagent (Shanghai) Co., Ltd., Shanghai, China), Al2O3 (≥99%, Aladdin Reagent (Shanghai) Co., Ltd., Shanghai, China). The materials were proportionally weighed in a mass ratio of TeO2:Bi2O3:B2O3:ZnO:Al2O3 = 15:50:20:10:5, mixed thoroughly in an agate mortar, and melted at 1200 °C for 30 min. The molten glass was quenched in deionized water at room temperature, and the obtained glass chunks were ball-milled and sieved to yield glass powder with an average particle size of 2.4 μm. The organic vehicle used consisted of a blend of ethyl cellulose (CP, Aladdin Reagent (Shanghai) Co., Ltd., Shanghai, China), terpineol (≥95%, Aladdin Reagent (Shanghai) Co., Ltd., Shanghai, China), butyl carbitol (≥99%, Shanghai Wokai Chemical Reagent Co., Ltd., Shanghai, China), butyl phthalate (≥99.5%, Sinopharm Chemical Reagent Co., Ltd., Beijing, China), silane coupling agent KH-570 (≥98%, Sinopharm Chemical Reagent Co., Ltd., Beijing, China), and hydrogenated castor oil (Aladdin Reagent (Shanghai) Co., Ltd., Shanghai, China). The silver paste was formulated with a mass ratio of silver powder, glass powder and organic vehicle of 43:1:6, initially weighed and mixed, followed by further refinement through a three-roll mill to achieve a fineness of <5 μm.




2.2. Printing and Metallization of Ag Pastes


Various test patterns were printed on P-type monocrystalline silicon solar cells with a surface SiNx antireflection coating using a screen-printing machine. The size of solar cell was 182 × 182 mm, with an 80 nm thick SiNx antireflection layer possessing a refractive index ranging from 2.0 to 2.35. The sheet resistance of the cell emitter was 80 Ω/sq, and the emitter depth was less than 0.2 μm. For sheet resistance testing, 10 parallel lines, each 2 mm wide and 100 mm long, were printed. Adhesion testing involved printing square patterns of 20 × 20 mm, while performance testing of the solar cells utilized printed patterns consisting of 9 main grid lines and 104 secondary grid lines with a width of 15 μm. Following printing, the solar cells were allowed to stand at room temperature for 10 min to allow the silver paste to level adequately. Subsequently, the cells were dried at 150 °C for 20 min and then subjected to metallization of the front silver paste through sintering in a continuous belt furnace. The peak sintering temperature was denoted as T0, and the heating temperatures in different zones of the belt furnace were as follows: 300 °C/300 °C/300 °C/500 °C/590 °C/600 °C/T0-100 °C/T0/T0-15 °C.




2.3. Measurement and Characterization


The microstructures of the silver powder, as well as the surface and cross-section of the silver electrode, were observed using field emission scanning electron microscopy (FESEM, Nova Nano SEM 450, FEI, Hillsboro, OR, USA). The particle size distribution of the silver powder was determined using image software (Image J, 1.54d). The number of measured silver particles exceeded or equaled 200. The specific surface area of the silver powders was analyzed using a surface area porosity analyzer (BET, BSD-PS1/2/4, BSD INSTRUMENT, Beijing, China). The crystal structure of the silver powder was identified through X-ray diffraction (XRD, Empyrean, PANalytical B.V., Almelo, The Netherlands). Thermal properties were assessed using differential scanning calorimetry (DSC, Q2000, TA Corporation, New Castle, DE, USA) in air with a heating rate of 10 °C/min. The square resistance of the silver grids was measured with a multifunction digital four-probe tester (ST-2258C, Suzhou Lattice Electronics Co., Ltd., Suzhou, China). Prior to conducting the adhesion test on the silver paste, a 1 mm wide surface-tinned copper strip (photovoltaic welding strip) was welded onto the prepared 20 × 20 mm square silver layer. The welding process occurred at 350 °C, and prior to welding, the application of flux was necessary. Following the welding procedure, the strip underwent a 180° bend, and the maximum force required for delamination of the silver layer was measured along the horizontal direction using a 10N capacity digital push–pull force gauge (ZDF-10, Shanghai Shangcen Precision Instrument Co., Ltd., Shanghai, China). The aspect ratio of the silver grids was determined using a 3D digital microscope (Zeta-20, Zeta Instruments, Inc., San Jose, CA, USA).





3. Results and Discussion


3.1. Microstructure and Performance Analysis of Silver Powder


3.1.1. Microstructure of Silver Powder


This study selected three silver powders, denoted as S1, S2, and S3, with similar particle sizes and shapes but distinct crystal structures, and prepared by the liquid phase reduction method. The microstructures and particle sizes of the silver powders were observed using field emission scanning electron microscopy (FESEM). As shown in Figure 1(a1,c1), the surface of the S1 silver powder is characterized by the aggregation of numerous silver crystallites, each in the size range of several tens of nanometers. Despite a non-smooth surface, S1 exhibits high sphericity with no sharp edges. For the S2 silver powder, as depicted in Figure 1(a2,c2), larger silver crystallites aggregate on the surface, resulting in higher roughness and an almost spherical appearance with a few angular features. In the case of the S3 silver powder, the surface is predominantly formed through crystal growth, presenting a smooth yet polyhedral appearance with edges. The average particle sizes for S1, S2, and S3 are approximately 1.23 μm, 1.26 μm, and 1.04 μm, respectively. S1 and S3 exhibit a higher concentration in particle size distribution, with S1 displaying a distribution closest to a normal distribution. Conversely, the particle size distribution for S2 is less concentrated, with a more uniform distribution across different particle sizes.



The X-ray diffraction (XRD) patterns of silver powders S1 to S3 were examined, and the results are presented in Figure 2. It is evident that the diffraction peaks for all three silver powders correspond precisely to the standard PDF card for silver (PDF#87-0597), without any impurity peaks, indicating the purity of the silver in each powder. Additionally, an analysis of the three main crystallographic planes’ peak intensities and full-width at half-maximum (FWHM) values for silver powders S1 to S3, as summarized in Table 1, reveals notable changes in the strongest (111) crystallographic plane of S1, the peak intensity decreases, and the FWHM increases, indicative of broadening diffraction peaks. Typically, peak broadening occurs when the crystallite size is below 100 nm or when there are microstrains present in the sample. Since silver powders prepared via the liquid-phase reduction method generally do not undergo mechanical processing, microstrains are unlikely. This observation, coupled with the SEM magnified image in Figure 1(a1), suggests that silver powder S1 is composed of aggregated small grains, each smaller than 100 nm.




3.1.2. Analysis of the Growth Process of Silver Powder


The liquid-phase reduction method for silver powder involves two main steps: nucleation and growth. According to classical nucleation theory, crystalline nuclei begin to form in a solution when the solution’s supersaturation surpasses a critical threshold that overcomes the nucleation barrier [69]. Once nuclei are formed, the powder enters a growth stage, which occurs through two mechanisms. In one mechanism, small nanocrystalline nuclei in the solution aggregate directly, and due to the high surface energy at the contact points between particles, silver grows by bonding the particles together. This aggregation–bonding process repeats, leading to the continuous growth and aggregation of silver powder particles. The other mechanism involves direct growth along crystal faces. Given silver’s face-centered cubic crystal structure, Fm3m space group symmetry, and minimal variation in surface energies across different crystal faces, silver particles tend to grow into quasi-spherical polyhedra without growth-orientation intervention. The schematic diagram of the silver powder growth process is illustrated in Figure 3. Silver powder S1 represents a typical polycrystalline aggregation type, S3 reflects the crystal growth-type silver powder, and S2 is a hybrid type where both crystal growth and aggregation occur. In the preparation of silver powder, when the rate of crystal aggregation exceeds the rate of crystal growth, particularly in highly supersaturated reaction solutions leading to explosive nucleation in the early stages, the predominant mechanism is particle aggregation, resulting in silver powder resembling S1. Conversely, when the reaction solution has a lower supersaturation level, and the addition of the solution is prolonged, by limiting the initial nucleation or the aggregation process with the use of protective agents, crystal growth becomes the dominant mechanism, yielding a silver powder similar to S3. It is noteworthy that excessive protective agent content or exceptionally low solution supersaturation can lead to preferential crystal growth, resulting in non-spherical particles such as flakes, rods, or branched structures.




3.1.3. Analysis of Macroscopic Physical Properties of Silver Powder


The macroscopic physical properties of silver powders S1–S3 are presented in Table 2. Tap density and specific surface area are two crucial performance parameters for solar silver pastes. Higher tap density indicates the silver powder’s ability to form denser packing, resulting in a more compact silver layer during paste sintering. A smaller specific surface area suggests a reduced surface area requiring wetting, leading to a lower organic vehicle content in rolled pastes with similar flow characteristics and fewer voids left after the organic vehicle volatilizes during sintering. Generally, for micrometer-sized silver powders with similar surface conditions, larger average particle size corresponds to higher tap density and smaller specific surface area. Although the average particle sizes of the silver powders S1 and S2 are close and both larger than those of silver powder S3, the measured tap density follows the order S3 > S2 > S1, while the specific surface area follows S3 < S2 < S1. This observation is speculated to be due to the presence of surface grains of different sizes on silver powders S1 and S2, contributing to an increased specific surface area. Silver powder S2, with some smooth surfaces, exhibits a smaller specific surface area than S1. Additionally, the existence of surface grains implies more grain boundaries on the surfaces of S1 and S2, indicating higher surface energy. Elevated surface energy tends to promote particle aggregation, resulting in larger interparticle gaps and reduced compaction during packing, leading to lower tapped density. Similarly shaped and sized silver powders exhibit significant macroscopic differences in performance. Therefore, in selecting silver powders, it is imperative to consider not only their shape and size but also their microstructure.




3.1.4. Thermal Performance Analysis of Silver Powder


The DSC test results for silver powders S1–S3 are illustrated in Figure 4. Combined with the TG curve shown in Supplementary Figure S1, silver powder S1 exhibits a prominent exothermic peak around 300 °C, accompanied by noticeable mass loss. Typically, mass loss in thermal behavior suggests either volatilization or decomposition. However, since volatilization is usually endothermic, it is speculated that a decomposition exothermic reaction has occurred. The most common decomposition exothermic reaction related to silver is the decomposition of Ag2O, as indicated in Equation (1). Due to the standard Gibbs free energy of formation of Ag2O becoming positive above 200 °C, silver undergoes spontaneous oxidation only at low temperatures, and above 250 °C, Ag2O decomposes back into silver, releasing heat. Silver powder S2 shows a small endothermic peak around 200 °C, accompanied by mass loss, suggesting the possible volatilization or decomposition of residual organic dispersants in S2. At around 250 °C, both silver powders S2 and S3 exhibit small exothermic peaks, with the peak for S2 being less distinct. It is speculated that this is also attributed to the decomposition of Ag2O, indicating that the surface content of Ag2O follows the order S1 > S3 > S2. The highest Ag2O content on the surface of silver powder S1 may be related to its higher surface energy, while the lower Ag2O content on the surface of S2 may be associated with the presence of residual organic compounds that hinder the oxidation of silver at room temperature. The pre-melting sintering reaction of silver powder is another exothermic process influenced significantly by the surface energy of the powder. In Figure 4, the DSC curve for silver powder S1 exhibits an increased slope around 450 °C, suggesting the initiation of sintering. Similarly, the sintering onset temperature for silver powder S2 is observed at approximately 500 °C, while that for silver powder S3 falls within the range of 550–600 °C.


2Ag2O → 2Ag + O2↑



(1)









3.2. Effect of Different Silver Powders on Sintering Properties of Silver Slurry


3.2.1. Analysis of Square Resistance and Adhesion of Silver Paste after Sintering


Silver powders S1–S3 were formulated into silver pastes (SP1–SP3) with a mass ratio of silver powder to glass powder to organic carrier of 43:1:6. The pastes were then sintered at various peak temperatures to investigate the impact of silver powder sintering performance on the sheet resistance and adhesion of the resulting silver electrodes. The measurement results for sheet resistance and adhesion are presented in Figure 5. At lower sintering temperatures of 750 °C, SP1 exhibited superior sintering performance compared to SP2 and SP3. SP1 demonstrated lower sheet resistance of 2.92 mΩ/sq and higher adhesion of 2.13 N, indicating better sintering activity for the SP1 silver powder at lower temperatures, consistent with the results from DSC. As the sintering temperature gradually increases, the sheet resistance of SP2 and SP3 rapidly decreases, accompanied by a rapid increase in adhesion. At 810 °C, the sheet resistance of SP3 approached that of SP1, measuring 2.76 mΩ/sq and 2.64 mΩ/sq, respectively. By raising the temperature to 840 °C, the sheet resistance of SP3 was lower than that of SP1, measuring 2.56 mΩ/sq and 2.65 mΩ/sq, respectively. The sheet resistance of SP2 consistently remained higher than that of SP1, and only after sintering at 840 °C did it approach that of SP1. Additionally, at 810 °C, the adhesion of SP2 and SP3 surpassed that of SP1, measuring 2.86 N, 2.99 N and 2.72 N, respectively. After sintering at 810 °C, the variation in adhesion among the three silver pastes becomes minor, with a noticeable decline only at 900 °C. Considering the sheet resistance and adhesion of the three silver pastes at different sintering temperatures, it is evident that the sintering performance of SP1 surpasses that of SP2 and SP3 when the sintering temperature is below 810 °C. However, when the sintering temperature exceeds 810 °C, the sintering performance of SP3 becomes superior to that of SP1 and SP2.




3.2.2. Surface and Section Micromorphology of Silver Paste after Sintering


Due to the suboptimal sintering performance of silver paste SP2 at both low and high-temperature ranges, distinctive silver pastes SP1 and SP3 were selected for observation via SEM, focusing on their surface and cross-sectional microstructures after sintering at 750 °C, 840 °C, and 900 °C, as depicted in Figure 6 and Figure 7, respectively. Comparing Figure 6a,d, at 750 °C sintering, the necking between silver powder S1 particles has largely disappeared, indicating a trend toward mutual fusion and the formation of a conductive network, resulting in lower sheet resistance. In contrast, silver powder S3 exhibits partially formed necks between particles, with some particles just making contact without starting the sintering process, leading to a higher sheet resistance. Observing Figure 6b,e at 840 °C sintering, both silver powders S1 and S3 have entered the sintering shrinkage stage, with silver particles starting to fuse and grow. Due to the higher tap density of silver powder S3, resulting in a denser initial packing, the sintered layer of S3 demonstrates superior density and lower sheet resistance. Examining Figure 6c,f at 900 °C sintering, a melting tendency is observed in the silver powders, with crystal growth steps rapidly forming on the particle surfaces. The initial packing density of the silver powder begins to dominate over the sintering activity, leading to a modest decrease in sheet resistance for all three silver pastes, with SP3 exhibiting the lowest sheet resistance.



Comparing Figure 7a,d, at 750 °C sintering, the cross-sectional observation of the silver powder aligns with the surface findings. In the case of silver powder S3, the particles are not fully interconnected, resulting in fractures within the silver layer upon detachment, indicating poor adhesion for silver paste SP3. Contrasting Figure 7b,e at 840 °C sintering, the silver powder has achieved relatively dense sintering, with channels between the particles for glass powder flow closed. Some glass melt remains trapped within the silver layer, particularly noticeable in silver paste SP1 due to its higher sintering activity, resulting in a thicker glass layer between the silver layer and silicon. Consequently, SP1 exhibits higher sheet resistance and lower adhesion compared to SP3. Examining Figure 7c,f at 900 °C sintering, the closure of the channels in the silver powder accelerates, increasing the glass content within the silver layer and reducing the glass layer between the silver layer and the silicon. This leads to a decrease in adhesion for all three silver pastes. Additionally, at higher temperatures, the reaction between the glass and the SiNx anti-reflective layer becomes more intense, generating gas due to the reaction. As the channels within the silver layer close prematurely, some gas remains trapped within the glass layer, forming voids, as outlined by the red dashed circles in the diagram. This phenomenon further contributes to the reduction in adhesion, potentially leading to delamination beneath the silver layer.





3.3. Effects of Different Silver Powders on the Morphology and Electrical Properties of Solar Cells


Silver pastes, SP1–SP3, were printed onto solar cells using a mesh screen with a fine grid width of 15 μm. After sintering at 840 °C, the morphology of the grid lines was examined using a 3D digital microscope, and the aspect ratio was measured, as depicted in Figure 8 and summarized in Table 3. Figure 8 reveals distinct segments in the silver grid lines of SP1, whereas those of SP2 and SP3 appear more uniformly flat. The cross-sectional overlap images in Figure 8(a2–c2) indicate good alignment of the contour lines for SP2 and SP3. Although SP1 exhibits significant variations in peak heights, even the smallest contour lines cover a sufficient area for effective electrical conduction, preventing grid line breaks. Given that silver powders S1–S3 undergo the same surface treatment process and exhibit similar shapes and particle sizes when processed into silver pastes (SP1–SP3), their printing characteristics are comparable. However, due to differences in the compactness of particle stacking after drying, SP1 displays the lowest stacking density. Additionally, owing to the high surface energy and sintering activity of silver powder S1, SP1 experiences the most pronounced sintering shrinkage, resulting in substantial axial contraction stress in the grid lines. Beyond a certain limit, this stress leads to segmented contraction of the grid lines.



The data for the gate lines height and width in Table 3 were obtained from the contour lines in Figure 8(a2–c2). The height of the gate line is determined by the difference between the height value of the top of the gate line and the baseline marked with a red inverted triangle. The width of the gate line is calculated as the difference between the values on both sides of the gate lines. Table 3 reveals that the aspect ratios of the silver grid lines in SP1–SP3 are comparable and generally high. This characteristic is advantageous for minimizing both the shading area and electrical resistance of the silver grid lines. Consequently, it contributes to the reduction in series resistance in solar cells, thereby enhancing the photoelectric conversion efficiency. Notably, SP3 exhibits the highest aspect ratio among the sintered silver pastes, while SP2 demonstrates the most uniform size distribution of silver grid lines. The narrowest width of the sintered grid lines among the three pastes is 4.49 μm, with a corresponding height of 17.8 μm, confirming their satisfactory conductivity.



The I–V performance tests were conducted on the solar cells printed with silver pastes SP1–SP3, and the results are presented in Table 4. It is evident that the three silver pastes exhibit minimal influence on the parallel resistance (Rsh) and open-circuit voltage (Voc) of the solar cells. SP1 shows the lowest series resistance (Rs) and the highest short-circuit current (Isc). This outcome may be attributed to the high surface energy of silver powder S1, leading to a higher proportion of silver entering the glass melt during sintering. Consequently, a large number of silver nanocrystals precipitate in the glass layer between the silver layer and silicon, resulting in low contact resistance, lower Rs, and higher Isc in the solar cells. SP3 demonstrates the highest fill factor (FF), possibly due to its silver grid lines having the maximum aspect ratio, minimizing shading and, thus, increasing FF. In terms of overall photoelectric conversion efficiency, both SP1 and SP3 are comparable and outperform SP2.





4. Conclusions


In situations where the shape and size of silver powders are similar, the compositional structure significantly influences their performance. The crystal growth silver powder exhibited inferior sintering activity, but had the highest tap density of 5.52 g/cm3. The resulting silver paste demonstrated excellent densification during sintering, with optimal performance achieved at 840 °C, yielding a sheet resistance of 2.56 mΩ/sq and adhesion of 3.05 N, surpassing the other silver pastes. The uniform and high aspect ratio (4.0) of the sintered solar cell electrode grid lines contributed to a reduced shading area and a high fill factor of 81.59%, resulting in a slightly elevated photoelectric conversion efficiency of 23.17% compared to the polycrystalline aggregated silver powder. The crystal growth silver powder exhibited heightened sintering activity at temperatures of 840 °C and above. Due to its high particle-packing density and minimal sintering shrinkage, its incorporation into silver paste enables the production of electrode grid lines with greater aspect ratios and reduced shading areas, conducive to enhanced photoelectric conversion efficiency. Therefore, when formulating silver paste with higher sintering temperatures, preference can be given to the crystal growth silver powder. Polycrystalline aggregated silver powder demonstrates superior sintering activity at lower temperatures, with a sintering initiation temperature of around 450 °C. The resulting silver paste, sintered at 750 °C, exhibits low sheet resistance of 2.92 mΩ/sq and high adhesion of 2.13 N. Although the solar cell electrode grid lines possess a high aspect ratio of 0.37, they have poorer uniformity. The high sintering activity of the silver powder leads to the dissolution of the glass layer and increased silver deposition. Consequently, the paste exhibits excellent conductivity, low contact resistance of the silver electrode of 1.23 mΩ, high series resistance of the solar cell of 23.16%, and a photoelectric conversion efficiency of 23.16%. Polycrystalline aggregated silver powder, when combined with glass powder with a low melting temperature and good melt flow, can be employed to formulate silver pastes with sintering windows around 750 °C. This effectively mitigates the impact of high-temperature processing on the diffusion concentration of the solar cell emitter, thereby enhancing the photoelectric conversion efficiency. Thus, when preparing silver paste with lower sintering temperatures, preference can be given to polycrystalline aggregated silver powder. The study in this paper provides valuable insights for selecting silver powders for formulating solar cell silver pastes with different sintering windows.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ma17020445/s1, Figure S1: DSC-TG curve of silver powders, (a) S1, (b) S2, (c) S3.





Author Contributions


Conceptualization, X.Y., J.L. and G.G.; data curation, X.Y., H.S., Z.Q. and W.L. (Wei Li); formal analysis, X.Y.; funding acquisition, J.L. and G.G.; investigation, X.Y. and F.H.; methodology, X.Y. and H.S.; project administration, G.G.; resources, J.L. and G.G.; software, Z.Q.; supervision, W.L. (Weichao Li) and F.H.; validation, X.Y., H.S., W.L. (Weichao Li) and W.L. (Wei Li); visualization, X.Y. and Z.Q.; writing—original draft, X.Y.; writing—review and editing, X.Y., J.L. and G.G. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China, Grant number 51771084; the Major Science and Technology project of Yunnan Province, Grant number 202102AB080008; the Science and Technology projects of Yunnan Precious Metals Laboratory, Grant numbers YPML-2022050207 and YPML-2023050206; Joint project of enterprise basic research and application basic research in Yunnan Province, Grant number 202101BC070001-017.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Conflicts of Interest


Author Weichao Li was employed by the company R&D Center of Yunnan Tin Group (Holding) Co., Ltd.; Author Wei Li, Fuchun Huang and Junpeng Li were employed by the company Sino-Platinum Metals Co., Ltd. The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




References


	



Sun, X.J.; Xing, J.J.; Yang, Y.X.; Yuan, X.; Li, H.B.; Tong, H. Ohimc Contact Formation Mechanism of Silver-Aluminum Paste Metallization on the p+ Emitter of n-Type Crystalline Silicon Solar Cells. J. Electron. Mater. 2022, 51, 5717–5722. [Google Scholar] [CrossRef]

	



Guzovic, Z.; Duic, N.; Piacentino, A.; Markovska, N.; Mathiesen, B.V.; Lund, H. Recent advances in methods, policies and technologies at sustainable energy systems development. Energy 2022, 245, 123276. [Google Scholar] [CrossRef]

	



Li, Q.; Ma, S.; Wang, H.; Bai, J.; Bi, S.; Wang, H. Effect of rare metal oxide doped lead-based glass frits on the performance of crystalline silicon solar cells. Sol. Energy Mater. Sol. Cells 2023, 254, 112261. [Google Scholar] [CrossRef]

	



Xie, X.; Xu, Y.; Chen, F. Effect of PbO content in glass on front silver paste ohmic contact performance of solar cell. J. Funct. Mater. 2022, 53, 5130–5135. [Google Scholar]

	



Çiftpinar, H.E.; Stodolny, M.K.; Wu, Y.; Janssen, G.J.M.; Löffler, J.; Schmitz, J.; Lenes, M.; Luchies, J.M.; Geerligs, L.J. Study of screen printed metallization for polysilicon based passivating contacts. In Proceedings of the 7th International Conference on Crystalline Silicon Photovoltaics (SiliconPV), Fraunhofer ISE, Freiburg, Germany, 3–5 April 2017; Elsevier Science B.V.: Amsterdam, The Netherlands; 2017; pp. 851–861. [Google Scholar]

	



Haase, F.; Hollemann, C.; Schäfer, S.; Merkle, A.; Rienäcker, M.; Krügener, J.; Brendel, R.; Peibst, R. Laser contact openings for local poly-Si-metal contacts enabling 26.1%-efficient POLO-IBC solar cells. Sol. Energy Mater. Sol. Cells 2018, 186, 184–193. [Google Scholar] [CrossRef]

	



Kafle, B.; Goraya, B.S.; Mack, S.; Feldmann, F.; Nold, S.; Rentsch, J. TOPCon-Technology options for cost efficient industrial manufacturing. Sol. Energy Mater. Sol. Cells 2021, 227, 111100. [Google Scholar] [CrossRef]

	



Hiller, D.; Hönicke, P.; König, D. Material combination of Tunnel-SiO2 with a (sub-)Monolayer of ALD-AlOx on silicon offering a highly passivating hole selective contact. Sol. Energy Mater. Sol. Cells 2020, 215, 110654. [Google Scholar] [CrossRef]

	



Haase, F.; Kiefer, F.; Schäfer, S.; Kruse, C.; Krügener, J.; Brendel, R.; Peibst, R. Interdigitated back contact solar cells with polycrystalline silicon on oxide passivating contacts for both polarities. Jpn. J. Appl. Phys. 2017, 56, 08MB15. [Google Scholar] [CrossRef]

	



Kale, A.S.; Nemeth, W.; Harvey, S.P.; Page, M.; Young, D.L.; Agarwal, S.; Stradins, P. Effect of silicon oxide thickness on polysilicon based passivated contacts for high-efficiency crystalline silicon solar cells. Sol. Energy Mater. Sol. Cells 2018, 185, 270–276. [Google Scholar] [CrossRef]

	



Ballif, C.; Haug, F.J.; Boccard, M.; Verlinden, P.J.; Hahn, G. Status and perspectives of crystalline silicon photovoltaics in research and industry. Nat. Rev. Mater. 2022, 7, 597–616. [Google Scholar] [CrossRef]

	



Deng, D.; Chen, Z.; Hu, Y.; Tong, Y.; Liang, X. Preparation and post-treatment of silver powders for front contact pastes of silicon solar cells. Int. J. Mater. Res. 2021, 112, 457–464. [Google Scholar] [CrossRef]

	



Butler, K.T.; Vullum, P.E.; Muggerud, A.M.; Cabrera, E.; Harding, J.H. Structural and electronic properties of silver/silicon interfaces and implications for solar cell performance. Phys. Rev. B 2011, 83, 235307. [Google Scholar] [CrossRef]

	



Chaudhary, A.; Hoss, J.; Lossen, J.; Huster, F.; Kopecek, R.; van Swaaij, R.; Zeman, M. Influence of Polysilicon Thickness on Properties of Screen-Printed Silver Paste Metallized Silicon Oxide/Polysilicon Passivated Contacts. Phys. Status Solidi A—Appl. Mater. Sci. 2021, 218, 2100243. [Google Scholar] [CrossRef]

	



Green, M.A.; Dunlop, E.D.; Yoshita, M.; Kopidakis, N.; Bothe, K.; Siefer, G.; Hao, X.J. Solar cell efficiency tables (version 62). Prog. Photovolt. 2023, 31, 651–663. [Google Scholar] [CrossRef]

	



Seyedmohammadi, S.; Graddy, E.; Shaikh, A. Screen Printable Ag-Al Metal Pastes for p+ Silicon Application in Solar Cells. In Proceedings of the 35th IEEE Photovoltaic Specialists Conference, Honolulu, HI, USA, 20–25 June 2010; IEEE: Honolulu, HI, USA, 2010; pp. 3600–3603. [Google Scholar]

	



Gerdes, B.; Jehle, M.; Lass, N.; Riegger, L.; Spribille, A.; Linse, M.; Clement, F.; Zengerle, R.; Koltay, P. Front side metallization of silicon solar cells by direct printing of molten metal. Sol. Energy Mater. Sol. Cells 2018, 180, 83–90. [Google Scholar] [CrossRef]

	



Qin, J.; Zhang, W.J.; Yang, J.C.; Du, G.B.; Cai, X. Tailor the Rheological Properties of Silver Front Side Metallization Paste for Crystalline Silicon Solar Cells. Mater. Sci. Forum 2019, 956, 12–20. [Google Scholar] [CrossRef]

	



Mo, L.B.; Zhao, L.; Zhou, C.L.; Zhang, Y.Y.; Wang, W.J. Application of Ethyl Cellulose and Polyamide Wax in Silicon Solar Cell Electrodes. Rare Met. Mat. Eng. 2019, 48, 994–1000. [Google Scholar]

	



Aal, K.A.; Willenbacher, N. Front side metallization of silicon solar cells—A high-speed video imaging analysis of the screen printing process. Sol. Energy Mater. Sol. Cells 2020, 217, 110721. [Google Scholar]

	



Pospischil, M.; Riebe, T.; Jimenez, A.; Kuchler, M.; Tepner, S.; Geipel, T.; Ourinson, D.; Fellmeth, T.; Breitenbücher, M.; Buck, T.; et al. Applications of Parallel Dispensing in PV Metallization. In Proceedings of the 8th Workshop on Metallization and Interconnection for Crystalline Silicon Solar Cells (MIW), Konstanz, Germany, 13–14 May 2019; American Institute of Physics: Konstanz, Germany, 2019. [Google Scholar]

	



Sinin, N.A.M.; Rais, A.R.M.; Sopian, K.; Ibrahim, M.A. The concentration factor on the mixture of Ag paste and H3PO4 solution as a dopant paste for contact formation in silicon solar cells. J. Ovonic Res. 2023, 19, 681–694. [Google Scholar] [CrossRef]

	



Gensowski, K.; Much, M.; Bujnoch, E.; Spahn, S.; Tepner, S.; Clement, F. Filament stretching during micro-extrusion of silver pastes enables an improved fine-line silicon solar cell metallization. Sci. Rep. 2022, 12, 12318. [Google Scholar] [CrossRef]

	



Mo, L.; Zhang, Y.; Zhao, L.; Zhou, C.; Wang, W. Effect of sub-micrometer sized silver particle on the performance of the front Ag paste for c-Si solar cells. J. Alloys Compd. 2018, 742, 256–262. [Google Scholar] [CrossRef]

	



Sun, Y.; Xue, H.; Yang, C.; Tian, Y.; Ning, S.; Ma, S.; Wang, H. Improvement of wettability of Te-modified lead-free glass frit and its effect to front side silver paste in crystalline silicon solar cells. Sol. Energy Mater. Sol. Cells 2023, 253, 112214. [Google Scholar] [CrossRef]

	



Mo, L.; Zhao, L.; Zhou, C.; Wang, G.; Wang, W. Effect of TeO2 on Ag/Si interface contact of crystalline silicon solar cells. Mater. Lett. 2022, 324, 132752. [Google Scholar] [CrossRef]

	



Kim, Y.; Nakayama, T.; Kim, H. Effect of Te-based glass on contact formation and electrical properties in Si solar cells. J. Alloys Compd. 2020, 829, 154500. [Google Scholar] [CrossRef]

	



Feng, B.; Liu, Y.; Chen, W.; Xing, G.; Chen, X.; Du, X. Differently shaped Ag crystallites and four current transport paths at sintered Ag/Si interface of crystalline silicon solar cells. Sol. Energy Mater. Sol. Cells 2023, 257, 112381. [Google Scholar] [CrossRef]

	



Zhang, J.; Zhou, J.; Huang, J.; Lv, B. Effect of TeO2-based lead-free glass on contact formation of front side silver metallization for monocrystalline silicon solar cells. Sol. Energy Mater. Sol. Cells 2022, 238, 111585. [Google Scholar] [CrossRef]

	



Kumar, P.; Aabdin, Z.; Pfeffer, M.; Eibl, O. High-efficiency, single-crystalline, p- and n-type Si solar cells: Microstructure and chemical analysis of the glass layer. Sol. Energy Mater. Sol. Cells 2018, 178, 52–64. [Google Scholar] [CrossRef]

	



Hilali, M.M.; Pal, S.; More, R.V.; Saive, R.; Ardekani, A.M. Sheared Thick-Film Electrode Materials Containing Silver Powders with Nanoscale Surface Asperities Improve Solar Cell Performance. Adv. Energy Sustain. Res. 2021, 3, 2100145. [Google Scholar] [CrossRef]

	



Tsai, J.T.; Lin, L.K.; Lin, S.T.; Stanciu, L.; Jun, M.B.G. The influence of Bi2O3 glass powder in the silver paste and the impact on silicon solar cell substrates. Mater. Des. 2021, 200, 109453. [Google Scholar] [CrossRef]

	



Tachibana, Y.; Matsuda, A.; Yoshimoto, M. Reduction in contact resistivity of Ag thick-film conductor on SiNx-coated Si wafer for solar cell using lead tellurite glass frit. Jpn. J. Appl. Phys. 2020, 59, 090908. [Google Scholar] [CrossRef]

	



Lai, Y.S.; Lai, S.S.; Li, Y.J.; Lin, H.J.; Chiang, T.H. Investigation of SiO2-B2O3-ZnO-Bi2O3 glass frits on the interface reaction of silver front contacts. J. Alloys Compd. 2021, 858, 157646. [Google Scholar] [CrossRef]

	



Lan, F.; Bai, J.; Wang, H. The preparation of oleylamine modified micro-size sphere silver particles and its application in crystalline silicon solar cells. RSC Adv. 2018, 8, 16866–16872. [Google Scholar] [CrossRef] [PubMed]

	



Fields, J.D.; Ahmad, M.I.; Pool, V.L.; Yu, J.F.; Van Campen, D.G.; Parilla, P.A.; Toney, M.F.; van Hest, M. The formation mechanism for printed silver-contacts for silicon solar cells. Nat. Commun. 2016, 7, 11143. [Google Scholar] [CrossRef]

	



Hilali, M.M. The Effect of Ag Powder Surface Topography on the Viscoelastic Behavior of Thick-Film Ag Gridlines and Solar Cell Performance. In Proceedings of the 7th IEEE World Conference on Photovoltaic Energy Conversion (WCPEC)—A Joint Conference of 45th IEEE PVSC/28th PVSEC/34th EU PVSEC, Waikoloa, HI, USA, 10–15 June 2018; IEEE: Waikoloa, HI, USA, 2018; pp. 2663–2666. [Google Scholar]

	



Padhamnath, P.; Nampalli, N.; Khanna, A.; Nagarajan, B.; Aberle, A.G.; Duttagupta, S. Progress with passivation and screen-printed metallization of Boron-doped monoPoly™ layers. Sol. Energy 2022, 231, 8–26. [Google Scholar] [CrossRef]

	



Mack, S.; Lenes, M.; Luchies, J.M.; Wolf, A. P-Type Silicon Solar Cells with Passivating Rear Contact Formed by LPCVD p+ Polysilicon and Screen Printed Ag Metallization. Phys. Status Solidi-Rapid Res. Lett. 2019, 13, 1900064. [Google Scholar] [CrossRef]

	



Mack, S.; Schube, J.; Fellmeth, T.; Feldmann, F.; Lenes, M.; Luchies, J.M. Metallisation of Boron-Doped Polysilicon Layers by Screen Printed Silver Pastes. Phys. Status Solidi-Rapid Res. Lett. 2017, 11, 1700334. [Google Scholar] [CrossRef]

	



Choi, S.; Cho, S.; Lee, J.; Jeong, D.Y.; Kim, H. Reaction and Interfacial Structures Between Ag Paste with Tellurite Glass Frits and Si Wafer for Solar Cells. Met. Mater. Int. 2015, 21, 686–691. [Google Scholar] [CrossRef]

	



Schmidt, J.; Peibst, R.; Brendel, R. Surface passivation of crystalline silicon solar cells: Present and future. Sol. Energy Mater. Sol. Cells 2018, 187, 39–54. [Google Scholar] [CrossRef]

	



Li, W.; Yu, C.X.; Wang, Y.K.; Yao, Y.; Yu, X.L.; Zuo, C.; Yu, Y. Experimental Investigation of Effect of Flake Silver Powder Content on Sintering Structure and Properties of Front Silver Paste of Silicon Solar Cell. Materials 2022, 15, 7142. [Google Scholar] [CrossRef]

	



Tsai, J.T.; Lin, S.T. Silver powder effectiveness and mechanism of silver paste on silicon solar cells. J. Alloys Compd. 2013, 548, 105–109. [Google Scholar] [CrossRef]

	



Tepner, S.; Wengenmeyr, N.; Linse, M.; Lorenz, A.; Pospischil, M.; Clement, F. The Link between Ag-Paste Rheology and Screen-Printed Solar Cell Metallization. Adv. Mater. Technol. 2020, 5, 2000654. [Google Scholar] [CrossRef]

	



Pi, X.X.; Cao, X.H.; Chen, J.S.; Zhang, L.; Fu, Z.X.; Wang, L.X.; Zhang, Q.T. Improved Ag-Si interface performance for Si solar cells using a novel Te-based glass and recrystallization process of Ag. Rare Met. 2021, 40, 84–89. [Google Scholar] [CrossRef]

	



Sun, X.; Yao, S.; Xing, J.; Zhang, J.; Yang, Y.; Li, H.; Tong, H.; Yuan, X. Mechanism of silver/glass interaction in the metallization of crystalline silicon solar cells. Mater. Res. Express 2020, 7, 016315. [Google Scholar] [CrossRef]

	



Li, H.; Tong, H.; Zhang, J.; Li, G.; Yang, Y.; Liu, C.; Li, H.; Yuan, X. Investigation on PbO–B2O3–SiO2–RxOy Glasses Applied in Noncontact Silver Paste for Crystalline Silicon Solar Cells. J. Electron. Mater. 2020, 49, 5422–5429. [Google Scholar] [CrossRef]

	



Watanabe, S.; Kodera, T.; Ogihara, T. Preparation and sintering of tellurium-doped silver powder for electrodes in silicon solar cells. J. Ceram. Soc. Jpn. 2015, 123, 345–350. [Google Scholar] [CrossRef]

	



Watanabe, S.; Kodera, T.; Ogihara, T. Influence of tellurite glass on reaction between Si3N3 anti-reflection coating film and Ag paste for electrodes in Si solar cells. J. Ceram. Soc. Jpn. 2016, 124, 218–222. [Google Scholar] [CrossRef]

	



Ebong, A.; Bezawada, N.; Batchu, K. Understanding the influence of tellurium oxide in front Ag paste for contacting silicon solar cells with homogeneous high sheet resistance emitter. Jpn. J. Appl. Phys. 2017, 56, 08MB07. [Google Scholar] [CrossRef]

	



Ok, Y.W.; Kim, J.H.; Upadhyaya, V.D.; Rohatgi, A.; Hong, C.H.; Choi, C.J. Dose-dependency of contact resistance and sheet resistance of B-implanted emitters for N-type crystalline Si solar cells fabricated using screen-printed fire-through Ag/Al paste metallization process. J. Korean Phys. Soc. 2023, 82, 707–711. [Google Scholar] [CrossRef]

	



Thibert, S.; Jourdan, J.; Bechevet, B.; Chaussy, D.; Reverdy-Bruas, N.; Beneventi, D. Influence of silver paste rheology and screen parameters on the front side metallization of silicon solar cell. Mater. Sci. Semicond. Process. 2014, 27, 790–799. [Google Scholar] [CrossRef]

	



Kurahashi, M.; Shindo, N.; Nishimura, K.; Shirasawa, K.; Takato, H. Investigation of the Reaction Mechanisms of Lead-free and Bismuth-free Tellurite glass in Front Silver Paste for c-Si Solar Cells. In Proceedings of the 7th IEEE World Conference on Photovoltaic Energy Conversion (WCPEC)—A Joint Conference of 45th IEEE PVSC/28th PVSEC/34th EU PVSEC, Waikoloa, HI, USA, 10–15 June 2018; IEEE: Waikoloa, HI, USA, 2018; pp. 1033–1036. [Google Scholar]

	



Lan, S.-H.; Lee, C.-T.; Lai, Y.-S.; Chen, C.-C.; Yang, H.-W. The Relationship between the Structure and Thermal Properties of Bi2O3-ZnO-B2O3 Glass System. Adv. Condens. Matter Phys. 2021, 2021, 2321558. [Google Scholar] [CrossRef]

	



Glatthaar, R.; Schmidt, F.P.; Hammud, A.; Lunkenbein, T.; Okker, T.; Huster, F.; Seren, S.; Greven, B.C.; Hahn, G.; Terheiden, B. Silver Metallization with Controlled Etch Stop Using SiOx Layers in Passivating Contacts for Improved Silicon Solar Cell Performance. Sol. RRL 2023, 7, 2300491. [Google Scholar] [CrossRef]

	



Padhamnath, P.; Buatis, J.K.; Khanna, A.; Nampalli, N.; Nandakumar, N.; Shanmugam, V.; Aberle, A.G.; Duttagupta, S. Characterization of screen printed and fire-through contacts on LPCVD based passivating contacts in monoPoly™ solar cells. Sol. Energy 2020, 202, 73–79. [Google Scholar] [CrossRef]

	



Frey, A.; Fritz, S.; Engelhardt, J.; Hahn, G.; Terheiden, B. Influence of contact firing conditions on the characteristics of bi-facial n-type silicon solar cells using Ag/Al pastes. In Proceedings of the 6th International Conference on Crystalline Silicon Photovoltaics (SiliconPV), CEA INES, Chambery, France, 7–9 March 2016; Elsevier Science B.V.: Amsterdam, The Netherlands, 2016; pp. 919–924. [Google Scholar]

	



Shin, D.Y.; Seo, J.Y.; Tak, H.; Byun, D. Bimodally dispersed silver paste for the metallization of a crystalline silicon solar cell using electrohydrodynamic jet printing. Sol. Energy Mater. Sol. Cells 2015, 136, 148–156. [Google Scholar] [CrossRef]

	



Oh, W.; Park, J.; Dimitrijev, S.; Kim, E.K.; Park, Y.S.; Lee, J. Metallization of crystalline silicon solar cells for shingled photovoltaic module application. Sol. Energy 2020, 195, 527–535. [Google Scholar] [CrossRef]

	



Rudolph, M.; Kruse, C.; Wolter, H.; Wolpensinger, B.; Baumann, U.; Bräunig, S.; Ripke, M.; Falcon, T.; Brendel, R.; Dullweber, T. PERC plus Solar Cells with Screen-Printed Dashed Ag Front Contacts. In Proceedings of the 9th International Conference on Crystalline Silicon Photovoltaics (SiliconPV), Imec, Leuven, Belgium, 8–11 April 2019; American Institute of Physics: Konstanz, Germany, 2019. [Google Scholar]

	



Zhang, J.F.; Yuan, X.; Tong, H.; Yang, Y.X.; Zhao, H.; Li, H.B. Effect of glass phase and temperature on contact resistance between Ag and Al electrodes. Mater. Res. Express 2019, 6, 035202. [Google Scholar] [CrossRef]

	



Musztyfaga-Staszuk, M.; Janicki, D.; Panek, P. Correlation of Different Electrical Parameters of Solar Cells with Silver Front Electrodes. Materials 2019, 12, 366. [Google Scholar] [CrossRef]

	



Jonai, S.; Tanaka, A.; Muramatsu, K.; Saito, G.; Nakamura, K.; Ogura, A.; Ohshita, Y.; Masuda, A. Effect of additives in electrode paste of p-type crystalline Si solar cells on potential-induced degradation. Sol. Energy 2019, 188, 1292–1297. [Google Scholar] [CrossRef]

	



Li, Y.; Chen, Z.; Zhou, R.; Zhao, W.; Huang, Z.; Liu, J.; Yang, M.; Pan, F. Design of advanced porous silver powder with high-sintering activity to improve silicon solar cells. Nano Res. 2023, 9, 1–9. [Google Scholar] [CrossRef]

	



Moudir, N.; Boukennous, Y.; Moulai-Mostefa, N.; Bozetine, I.; Maoudj, M.; Kamel, N.; Kamel, Z.; Moudir, D. Preparation of silver powder used for solar cell paste by reduction process. In Proceedings of the TerraGreen International Conference on Advancements in Renewable Energy and Clean Environment, Beirut, Lebanon, 15–17 February 2013; Elsevier Science B.V.: Beirut, Lebanon, 2013; pp. 1184–1191. [Google Scholar]

	



Yin, P.; Liu, S.C.; Li, Q.Y.; Chen, X.L.; Guo, W.H.; Wu, C.F. Highly surface-roughened quasi-spherical silver powders in back electrode paste for silicon solar cells. Mater. Res. Express 2017, 4, 086302. [Google Scholar] [CrossRef]

	



Yüce, C.; Okamoto, K.; Karpowich, L.; Adrian, A.; Willenbacher, N. Non-volatile free silver paste formulation for front-side metallization of silicon solar cells. Sol. Energy Mater. Sol. Cells 2019, 200, 110040. [Google Scholar] [CrossRef]

	



Tang, X.J.; Gan, G.Y.; Yu, X.L.; Li, J.P. A Method for Preparing AgNWs with Accelerated Seed-Wire Conversion Time. Metals 2023, 13, 738. [Google Scholar] [CrossRef]








[image: Materials 17 00445 g001] 





Figure 1. SEM images of silver powders (a1) S1, (b1) S2, (c1) S3; particle size distributions of silver powders (a2) S1, (b2) S2, (c2) S3. 
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Figure 2. XRD diffraction patterns of spherical silver powders S1–S3. 
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